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Cold Dark Matter:

Dark Energy is the dominant
constituent of the Universe
Dark Matter is next

95% of the Universe is in Dark
Energy and Dark matter for which
we have no understanding

Breakthrough of the Year
Cosmic
Convergence




Probes of Dark Energy:
Map the cosmological density field
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DES will use 4 complementary techniques to characterize dark energy

z>30 .

1. Count the Galaxy Clusters as a function red shift and cluster mass
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. Measure the distortion in the apparent shape of galaxies due to
intervening galaxy clusters and associated clumps of dark matter (weak
lensing)

Expansion

3. Measure the spatial clustering of galaxies as a function of red shift
(Baryon Acoustic Oscillations)

4. Use supernovae as standard candles to measure the expansion rate 2

Brenna Flaugher FRA June 2009

Expansion



The Dark Energy Survey Science
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 Two multiband surveys:
5000deg? g, r, i, Z, Y to i~24
9 deg? repeat (SNe)

* QObserve:
~300M galaxies
~30K galaxy clusters
~2K SNe la

* DES Forecast: use the
4 techniques to improve the
Dark Energy Task force
Figure of merit by 4.6x

*in systematics & in cosmological parameter degeneracies
*geometrictstructure growth: test Dark Energy vs. Grayity
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’ The Dark Energy Survey (DES)
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* New Instrument (DECam):

— Replace the PF cage with a
new 2.2 FOV, 520 Mega pixel
CCD camera + optics

e Time scales:
— CD2/3 approved in 2008
— Inst. Construction 2008-2011

— Survey: 525 nights during
Oct.—Feb. 2011-2016

W Use the Blanco
- /'Y 4M Telescope
~ at the Cerro-Tololo
Inter-American
Observatory (CTIO)
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* Funding:

— DOE, NSF, STFC (UK),
Ministry of Education and
Science (Spain), FINEP
(Brazil), and the 11
Collaborating Institutions

Brenna Flaugher FRA June 2009



’ Photometric Redshifts
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S Elliptical gal t
- Measure relative flux in multiple filters: ptical galaxy spectrum
track the 4000 A break s | o n A st
- Estimate individual galaxy redshifts g
with accuracy o(z) < 0.1 (~0.02 for i
clusters) 3
 Good detector response in z band filter 2
needed to reach z~1: Use thick CCDs ¢
developed by LBNL 3
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The DES Instrument: DECam
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« Hexapod provides focus and lateral alignment

» red sensitive CCDs (from LBNL)

* g,r,i,ZY filters

* low noise electronics (readout with < 10 e noise!)
« cryogenic (LN2) cooling system
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DECam Focal Plane

G|

3 sq. deg. field of view (~ 0.5
meter diameter focal plane)

62 2kx4k Image CCDs: 520 MPix
8 2kx2k Alignment/focus CCDs

4 2kx2k Guide CCDs



<’/ CCD Packaging and Testing (At Sidet)
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CCDs Tested per week
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On schedule and yield is consistent with the
baseline:

82 CCDs packaged and tested (started with lower
quality devices to test the process)

As of 6/15/09 19 are Science Grade and ready for

the focal plane!
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TeIeSCOpe Simulator (ready in early 2010)
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All DECam systems
(except optics) will be
integrated at Fermilab

Will test installation and
operation in all
orientations.

Inner two rings match
top end of the telescope

Outer two allow
positioning in all
orientations.

Design uses as many of
the existing fabrication
prints as possible
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<’/ Optics Fabrication is in Progress in Europe
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Design:
5 lenses, 2 aspheric surfaces
C1is ~ 1m diameter, C5is ~ 0.5m

Polishing contract awarded in April
2008 (~ 1.6 M pound grant to UCL
from STFC ). Est. Delivery to UCL
Dec. 2009

UCL will install the lenses in the

barrel provided by Fermilab and ship _ _
directly to Chile C1 blank inspection

I
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Milestones
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""" Level 1 Milestones: 7 (~ 1 every 6 months) tracked by DOE-OHEP
— Three completed on or ahead of schedule. On track to complete the

next one

* Level 2 Milestones: 56 (~ 1/6 months per WBS section) — tracked by
Fermilab and DOE Site office

DECam L1 Milestones
Sorted By Baselne Stan Date
WES Tt Name Eazelne Giat B Emele |00 2 200 200 i FIF
LI 1 R P i R R R R R P R PR L R R
141128 L1-AllLens Blanks Complete GTOZ00E | (ST | -2 Bwhs ¥ , , i ,
1224044 L1 -v2 CCD Processing and Packaging Review Complete 282008 G200 | -23Bwks A Y | i i
224048 L1-CCO's From 30th Production Wafer Delivered To FNAL TN AN 2w + :;:»;
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{1616 L1 - Acceptance Tesfing Complete YA e B2 wks : i i B e

Forecast delivery to CTIO has slipped
from Dec. 2010 to Feb. 2011 (8 weeks)
since the CD-2 review in Jan. 08.
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Open Diamond = Baseline MS Date
Solid Red Circle = Forecast MS Date
Blue Star = Completed MS
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’ Conclusions

« DECam Projectis on
schedule for delivery to
CTIO in Feb. 2011

« Estimated cost to
complete is consistent
with Baseline cost +
contingency

« $35M Total Project Cost

— $16M spent (Nov.05-
present)

— $14M of work and $5M
contingency remaining May 2008: 15 Engineering grade and 20

mechanical grade CCDs installed in prototype
imager with preproduction electronics 11
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’ DECam is on track for ‘First light’ (beginning of
science observations) in September 2011
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Cerro Tololo Inter-American Observatory
12
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6 L2

milestones: Tracked by Fermilab

and DOE site office

CECZam Lz Miestones
Borted Ey WEE & Bazeline Stari Daks
[LH Tutk Harws TR Tt Tansira Virais
TAA1 14 L2 - Integraten PLiTs Auady For Dalvary o G P TR TR 58 WhE
1183 L2 - Corfecior Anfives at CTIO Erre 1 1A S -14.2 Wi
1.1.588 L2 - Camar afd Prinss Fo s Cage Arrive ol ST e rifar-i bl e
11813 L2 - Acthptancs Tiklifg Comphite T S1dra B Wl
124408 L2 - Cozidl prode yheid nown ber Lots 36, 30 thisned walers T ND0E ATArNGE A3 wiks +
[FEFELE ] L2« v GO0 Processing and Packagisg Review Complete BHi2hiE [rip ] B 2wk -‘Q.
12110 LI - vidld Eflimate Baried on Wikl processing RAD Cemploe 111 T T -6 Wi +ris
1.2210.00 L2 - Darsigh of v Quiss and Fodis Fio s Complete 1S | AFEARE0E 014wk +*
1.EE16.01 L - GED's Fram S5ith Prodesticn Wale Delvered To FHAL ARl IS 154 wha +
122 10.43 L - 128 GO0 Tested and Graded 11/ M RO FT ] -1_6 Wik
1239042 L2 - CODs From gith Prosestics Waler Delivened To FMAL HA0 1 AFOERS0E -k E Wk [ Tad
TEEIGAT L2 - Finanl Contingency GOO's ol FMAL S B0 Gianmid B Wk | Tl
1.51.138 L2 - oS0 reiedeoisl FRsasie - Qo alsibd 1oF V2 AN EiE Lri e -UELE Wik * O
l.Erans L2 - Frsl Bhipmist of w2 Clock Carts Sent From Maaead 1S W1AINE -2 B Wi -ﬁ.
LEran L2 - Vistuum Bbaincs Boards w3 Ready For Tesling 120 1M EGE -T2 wki | ]
(E-ER AL L2 - vi Masier Gonirad Board nesting Somphsie af Barceona 1T (riretr it =1 i ﬁ
LE-FEFL) LI-F & Foird Camp B bl ] B3 T * O
R340 L2 - viszuum intenace Boards For Somen Tewts Complote Hiiabid HARDi0 -1 wh £
LEZAINE  |L2-DES Freal End Bectren e Preduction Cemplte B0 1 2002005 -T.H whi >
[EFXF L3 - Front Emd Elctroscs Werk Compdue LDl HaEi0 -TEE wia [ T
(ERRFR L - All Lk Bian ks Somgiebs LA P TSLE 152w +*
1aka L2 - Lens Polishing Commet Swseded B0 S ~id Wk L]
1458 L2 - Feview of Soating Plan 1HaiEm 15 ARG ELE-T *(}
151 L2- b B of Folsing and Coaating Pregress BT Forans -8 - | O
1488 L - Ry To Crder Fibars Ly i) 1151 B0 1.6 wiks )
18550 L - Fackery acteptinen of kb bulorn caling (FiF et -4 wkh [ 7]
1454 L - Ry To Install Cels On Lenied at UGL T Ers L 105 wha 1]
1455 LZ - Fimarl Lens Shipped To Unersily Goliege Lomsion Biadiin A DD AT wia .- C:-
14 FF L2 - Barrel and G5 el Asrive AU UCL From Fesmilak BERIMD L Fieili] - Wi [ e
18848 L2 - Firsl Lens InsGled i Barrd HNED LT 143w " Ts]
LA L2 - Filpers Comphsin AN 1M RRES -TRE whs .. {}
185141 L - Cerfesion & by and & Tirilifey Cemp ikt 13 BREAS 142 wha [ s
1LA1LIE L - Pralmisary Sirey Light Asalyss Gonples BB Ertiil] 154w +*
LE1ED L2 - Protetyts Imager Tesls Comphaln ERoE HEGE A1 Wk -lf:;l
[ EXFE ] L2 - Daslgn Revirw OF Primse Focwus Sage & F% Mans Conpleie B Tk 4B whs ]
1LE21004 L2 - Barmel ready for leleseops & milaber g FIrie] AN VELE wick [+ ]
LEZAGAN (L2 - PFrocuremaent of Bareel Fer UEL Comglete 12hd0 S Trinis EL T . {}
1LAZ21LN L2 - o il Veskaahl Fobiedy far SO Inatalkien HEB0 Firete i -85 wki [ o)
AEZI2012 L2 - Prinbe Fodiis Sogs Coiphebs Lo e [ Pt 0] -4 B wki (}
jEFEEr] LE- imigar Ll Dbt L SR HHEN LB wha [ Te)
182314 L2 - Camarn Tibiag WEs GO0's Complate s Lpadriilli] =& 2 ik ‘}
152147 L2 - Telescops Simulaor Tests Complote L E e ] (ra T -6 ik [ »]
1ETE L - Cenpaptuai Design of inir v Soitmare Compl ETD008 HTTEnGE Eri T ¥
1.6.134 L - S5 Sukayatens Documants Comg i Snmte 124wk -+
16134 L2 - Si%P Sutapsben Proooty s Cempte BB Firipar =] i i &+ [
LE-1-1 ] L2 - 1Fagd Aogu ites and Dot Trnsgom Comphes ] FIEe. ] 6wk [ B4
LR-T1.] L2 - imige Stabisziten Commol Systen Complae B i foredriiit] =T Wik -.ﬁ
16164 L2 - SI5F &ppicrien Soffaans (System Lisel) Compdes Lorqirie] TTAE i wik - Tel
[AFEN] LI - Sysiien Saftaans immgration Cemplote S0 12311 AR HE Wk [ )
11248 L2 - 18P Sulayanein |ndeg it and Tesls ol FMAL Comgiebs a0 142010 -84 ki
1.E1is L - S15F Imegration ot CTIO Songlek 1M Ut 2 wha [ [
[RETL] L¥- Lol 3 Tasl iminges Complite [FoFiriiy STAHRY s
[REYIT] L2 - iminga Simubnien Levei 3 Compiets AR D8 HIH0E + O
IEERY L2« Levvel 4 Finad Sanalogs Conpleta 1SS EfTriiil] *
1.FEdE LI - inags Smulriea Level 4 Conpism SEDOE il ] gy
LIE21E L2 - Lweel & Final Citalogs Conplets 1 SHE ] [ Ta]
1.E1E L2 - Fisial Gbhsarving Pas Cempeine A0 A0 .{}
1K 5424 L2 - Imigd Semukrben Somple asudig L petriilli] - wikE .(}
15832 L2 - Bursey Svategy Comglete HINHIFGAD HEIED ELE wia [ 1#]

Open Diamond =
Baseline MS Date

Solid Red Circle =
Forecast MS Date

Blue Star = Completed
MS

23 completed on or
ahead of schedule

Now we are in the
hard part. Forecast
delivery to CTIO has
slipped from Dec.
2010 to Feb. 2011 (8
weeks) since the CD-2
review in Jan. 08. .,
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DES Participating Institutions

Fermilab

University of lllinois at Urbana-Champaign
University of Chicago

Lawrence Berkeley National Laboratory
University of Michigan

NOAO/CTIO

Spain-DES Collaboration:

Institut d'Estudis Espacials de Catalunya (IEEC/ICE), Institut de Fisica d'Altes
Energies (IFAE), CIEMAT-Madrid:

United Kingdom-DES Collaboration:

University College London, University of Cambridge, University of Edinburgh,
University of Portsmouth, University of Sussex

The University of Pennsylvania
Brazil-DES Consortium

The Ohio State University
Argonne National Laboratory

12 participating institutions and >100 participants
DES Funding from DOE, NSF, STFC (UK), Ministry of Education and

Science (Spain), FINEP (Brazil), and the Collaborating Institutions
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. DES Forecasts: Power of Multiple Techniques
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SURVEY 3 —
- — BAQO
We) St i) Clusters
Assumptions: 2 - WL i
Clusters: :
6,=0.75, z,_=1.5, Combined
WL mass calibration . 1 DETF Figure of i
BAO: [.. =300 I Merit: inverse
WL: '[_ma=x1 000 % 0 area of ellipse
* max
I
Statistical+photo-z = gfsvr\zﬁtrim
systematic errors only i .
Spatial curvature, galaxy
bias marginalized, -2~ Stage Il not N -
Planck CMB prior | Included here geometric
el ]

Factor 4.6 relative to Stage |I -2 ~15 -1 o5 0



Survey Planning
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« Determination (simulation) of an efficient observing strategy
— Optimize for excellent photometric calibrations

« Simulation of mock raw DECam survey images, including galaxies and
stars, and instrumental effect

e Status: On schedule

1 tiling +2 tilings +3 tilings

DECam 3 deg? field
of view (= 1 hex =1
tile = 1.1 GB)

« DES “tiles” 5000 deg? of sky at a rate of
2 times per year in each of 4 filters,
constraints on DE possible after two years

17
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Forecast Constraints
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DETF FoM
Method 0 Qpz) | 0(wo) | 0w | z, | o(w,) [To@o@,)1!
BAO 0.010 0.097 | 0408 | 0.29 | 0.034 72.8
Clusters 0.006 0083 | 0.287 | 038 | 0.023 1524
Weak Lensing 0.007 0077 | 0.252 | 040 | 0.025 155.8
Supernovae 0.008 0.094 | 0401 | 0.29 | 0.023 107.5
Combined DES 0.004 0061 | 0217 | 037 | 0.018 263.7
DETF Stage II Combined 0.012 0.112 | 0498 | 0.27 | 0.035 579

Table 1: 68% CL marginalized forecast errorbars for the 4 DES probes on the dark energy density and
equation of state parameters, in each case including Planck priors and the DETF Stage II constraints. The
last column is the DETF FoM; z,, is the pivot redshift. Stage II constraints used here agree with those in the
DETF report to better than 10%.

DES+Stage Il combined = Factor 4.6 improvement over Stage || combined
sLarge uncertainties in systematics remain, but FoM is robust to uncertainties in

any one probe, and we haven’t made use of all the information.
 Further detail of these forecasts is contained in the Dark Energy Science
Program. 18
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.‘ On-Sky Tests
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« DECam runs on the 1m at
CTIO provide calibration
information and a test bed for
DECam hardware

e QOctober 2008 >
— 1 DECam CCD
— with Monsoon electronics

— in a small test dewar

— on the CTIO 1m (next to the
Blanco)

— VR filters
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« Next run is June 09, proposal
submitted for following
semester i
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Cluster of Galaxies: Largest gravitationally bound objects
Size ~ 10%° cm ~ Megaparsec (Mpc); Mass ~ 1075 Msun
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What is the
cluster
redshift?

What is the
cluster mass?

not completely
different from

jet clustering in
collider physics

but also have depth
(red shift) info.

SDSS data
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’ DES Timeline
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« 2004: Fermilab and National Optical Astronomy Observatory (NOAO)
approvals

« 2005: Nov.2005 DOE approved CD-0 (Mission Need) for a ground
based DE project

« 2006: P5 and the Dark Energy Task Force

— Dark Energy Task Force report recommended projects like DES
— PS5 recommendation to proceed with DES. Reiterated this in 2008

« 2007: Oct. CD-1 approval

« 2008: May CD2/3a approval (Baseline and long lead
procurements start for $35M project)

« 2008: Oct. CD-3b (construction) approval
« 2009: July Status review by NSF and DOE

« 2011: Start of observations! 21

Brenna Flaugher FRA June 2009



’ |. Clusters and Dark Energy
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‘Requirements Number of Clusters vs. Redshift

1.Understand formation of dark | | | | ]
matter halos - TS W]
2.Cleanly select massive dark < T

matter halos (galaxy clusters) ::1 000 =
over a range of redshifts -

3.Redshift estimates for each
cluster

S

|

S

4.0bservable proxy that can be

used as cluster mass estimate E’ 100
<]

9(0OIM,z)

{

M.{.n

=]
[
e
~
n
[ |

dN(Z): dV n(z) -
| dzdQ)  dzdQ)

Primary systematics:
Uncertainty in g (bias & scatter) 10 | |

Uncertainty in O selection fn. 0 0.5 1 1.5
Z
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’ Cluster Cosmology with DES
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« 3 Techniques for Cluster Selection and
Mass Estimation:

Optical galaxy concentration
Weak Lensing
Sunyaev-Zel'dovich effect (SPT)

 Cross-compare these techniques to reduce
systematic errors

« Additional cross-checks:
shape of mass function N(M,z)
cluster spatial correlations &,(r;z)
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’ 10-m South Pole Telescope (SPT)
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Sunyaev-Zel'dovich effect (SZE)

Compton upscattering of CMB photons
by hot gas in clusters
- nearly independent of redshift
- can probe to high redshift
- need ancillary redshift measurement from DES

DES survey area encompasses
4000 sq. deg. SPT SZE Survey
Survey; SPT collecting data now

Pl: J. Carlstrom (U. Chicago)




